Water availability has long been recognized as an important driver of species distribution patterns in forests. The conifer Agathis australis (D. Don) Lindl. (kauri; Araucariaceae) grows in the species-rich forests of northern New Zealand. It is accompanied by distinctive species assemblages, and during summer the soil beneath A. australis is often significantly drier than soils beneath surrounding broadleaved angiosperm canopy species. We used a shade house dry-down experiment to determine whether species that grow close to A. australis differed in drought tolerance physiology compared with species that rarely grow close to A. australis. Stomatal conductance (g s ) was plotted against leaf water potential (ψ) to identify drought tolerance strategies. Seedlings of species that occur in close spatial association with A. australis (including A. australis seedlings) were most resistant to drought stress, and all displayed a drought avoidance strategy of either declining g s to maintain ψ or simultaneous declines in g s and ψ. The species not commonly occurring beneath A. australis, but abundant in the surrounding forest, were the most drought-sensitive species and succumbed relatively quickly to drought-induced mortality with rapidly declining g s and ψ values. These results were confirmed with diurnal measurements of g s and assimilation rates throughout the day, and leaf wilting analysis. We conclude that the varied abilities of the species to survive periods of drought stress as seedlings shapes the composition of the plant communities beneath A. australis trees. Furthermore, forest diversity may be impacted by climate change as the predicted intensification of droughts in northern New Zealand is likely to select for drought-tolerant species over drought-intolerant species.
Introduction
Canopy tree species are known to influence the forest floor environment beneath and surrounding them, by altering factors such as light levels and soil characteristics and, consequently, creating patches with distinctive understorey conditions (Barbier et al. 2008 , Mejia-Dominguez et al. 2011 . The environmental conditions in these patches will in turn affect the germination, establishment probability, and growth of plant species beneath the canopy trees, thereby influencing the composition and structure of the plant communities that occur there (Mejia-Dominguez et al. 2011) . The effect of canopy species on soil moisture availability is one of the key variables involved in these processes. Canopy structure, rooting patterns, transpiration rates and litter characteristics unique to a particular species may result in considerable variation in soil moisture beneath different tree species, particularly between angiosperm and conifer species (Nihlgard 1971 , Walsh and Voigt 1977 , Barbier et al. 2008 , Mejia-Dominguez et al. 2011 . Soil hydrology is an important factor that structures plant communities (Cavender-Bares et al. 2004 , Markesteijn and Poorter 2009 , Araya et al. 2011 , as the sensitivity of a species to soil moisture deficits, or conversely to water-logging, will strongly affect its ability to recruit at a site. Savage and Cavender-Bares (2011) suggested that differences in species' drought survival strategies could contribute to species' microhabitat preference, thus influencing species' distribution patterns at both local and regional scales (Engelbrecht et al. 2007) .
Plant species differ in their ability to withstand drought stress, and in the strategies by which they do so. Plant resistance to drought stress can be divided into two broad categories, drought avoidance or postponement and drought tolerance, although these strategies are not mutually exclusive and plants can employ a range of responses (Kozlowski and Pallardy 2002 , Chaves et al. 2003 , Manes et al. 2006 , Valladares and Sanchez-Gomez 2006 , Markesteijn and Poorter 2009 . Species that are drought postponers minimize water loss by stomatal closure and the abscission of old leaves, and maximize water uptake through increased biomass allocation to roots. These species prevent damage by closing their stomata early during dry periods before any change in water potential occurs (Chaves et al. 2003 , Manes et al. 2006 , Valladares and Sanchez-Gomez 2006 . In contrast, drought tolerators are able to maintain photosynthesis under drought stress and exhibit simultaneous declines in stomatal conductance (g s ) and water potential (ψ) until carbon is limited by stomatal closure. Drought tolerance often involves osmotic adjustment, hardened cell walls or smaller cells (Chaves et al. 2003) . Conversely, species that are drought sensitive show a strong effect of drought on survival. These species may initially maintain high photosynthesis, transpiration and growth rates, but quickly approach lethal levels of desiccation and drought stress Kursar 2003, Markesteijn and Poorter 2009) . Plants experiencing drought stress display reductions in leaf ψ, g s and net photosynthesis (A n ), leading to reductions in growth and ultimately fitness. Severe drought stress can cause the cessation of photosynthesis, disturbance of metabolism and eventually death Markesteijn 2008, Shao et al. 2008) .
Agathis australis (D. Don) Lindl. (Araucariaceae) is endemic to northern New Zealand, and is a good example of a longlived tree species that considerably affects its soil environment. Leaf litter, reproductive structures and bark flakes shed by A. australis individuals decompose slowly (Enright and Ogden 1987) , and build up to form a mor humus layer that can be up to 2 m deep beneath mature specimens (Wright 1959 , Silvester 2000 . This deep organic layer contains high levels of stored carbon and nitrogen (up to 225 t C ha −1 and 6.54 t N ha −1 ), and typically has pH values of ~4 (Silvester and Orchard 1999 , Silvester 2000 , Wyse 2012 ). In addition, Verkaik and Braakhekke (2007) found that the mor humus beneath A. australis crowns in the Waitakere Ranges, West Auckland, was drier than the soil beneath surrounding broadleaved angiosperm canopy species such as Vitex lucens (Lamiaceae), following a dry period common in this forest towards the end of summer. This may be due to differences in soil physical conditions between these two soils as Beveridge (1975) notes that, due to its nature, mor-type humus is subject to drying out and/ or a high uptake of water by the A. australis fine roots concentrated in the organic layer Braakhekke 2007, Verkaik et al. 2007) .
In forests across its range A. australis is distributed as individual specimens and in patches, ranging in size from 30 to 40 trees to several hectares, surrounded by forest dominated by broadleaved angiosperm species (Von Hochstetter 1867, Leathwick 1992, Ogden and Stewart 1995) . The species composition of the vegetation communities found in association with these A. australis stands, as well as with individual mature specimens, is distinct from that of the flora beneath the surrounding broadleaved forest canopies (Cockayne 1908 , Bieleski 1979 , Wyse et al. 2013 , and abrupt changes in composition can be observed across the boundary of these canopy types Leathwick 1996, Wyse et al. 2013) . Soil moisture deficits occur frequently across the range of A. australis during summer, particularly in the northern parts of the range (Ogden and Ahmed 1989) , and this seasonal drought is forecast to increase in intensity under climate change scenarios (Mullan et al. 2005) . In these conditions, plants growing beneath A. australis may experience greater drought stress than those beyond the dripline of mature A. australis individuals where broadleaved canopy species dominate, and this will have a resultant filtering effect on species survival and recruitment (Bunker and Carson 2005 , Verkaik and Braakhekke 2007 ). Owing to their limited root systems, seedlings in particular would be at a greatest risk of developing drought stress , Suarez et al. 2004 , Slot and Poorter 2007 , Liu et al. 2011 , and, unlike established trees, these individuals may frequently have their root systems located entirely within the organic soil horizons. The ability of seedlings of a species to withstand water limitations is a factor affecting the regeneration niche of the species, and thus impacts upon forest composition and dynamics , Valladares and SanchezGomez 2006 , Comita and Engelbrecht 2009 .
Building on evidence of low soil moisture beneath A. australis during summer Braakhekke 2007) , this study investigates whether a periodic limitation in soil water availability compared with the surrounding broadleaved forest could have a bearing on the composition of the plant communities that develop at these sites. To determine whether tolerance to drought stress may be a characteristic of plants common beneath A. australis, we used a dry-down experiment to examine the responses to drought stress of seedlings of a number of species common to the forests in which A. australis occurs. The species collectively cover a range of levels of spatial association with mature A. australis, and include A. australis seedlings. We hypothesize that plants abundant in the surrounding broadleaved forest but typically absent directly beneath A. australis would be more drought sensitive than species commonly occurring beneath A. australis, which may display either drought-postponing or droughttolerant strategies.
Materials and methods

Experimental design
The responses of six plant species to drought stress were investigated; the species all occur within the 'kauri forest' environment as a whole, but differ in their level of spatial association with A. (Cockayne 1908 , Wardle 1991 . Twenty-four seedlings (all in their first year of growth) of each species were obtained from the Oratia Native Plant Nursery and the Taupo Native Plant Nursery. The seedlings were potted on into PB2 (two pint) planter bags with Living Earth© organic potting mix and grown together in a shadehouse (located within the natural range of A. australis forest at the University of Auckland's Tamaki Campus in St Johns, Auckland: 36° 52.8' S, 174° 50.9' E) for 2 months, with watering to field capacity every 2 days. The potting mix consisted of a mixture of compost, bark fines, pumice and organic fertilizers, with a pH of 6.77 (SEM ± 0.01) and a bulk density (dry weight) of 0.435 g cm −3 . At the end of this period, 15 plants of each species were randomly selected and assigned to the drought group, with the remaining nine individuals being assigned to the well-watered control group. All 144 plants were arranged in the shadehouse following a completely randomized design. The shadehouse consisted of shadecloth sides (allowing 50% light transmission) with a polythene roof. The sides adjacent to the plants were lined with polythene to prevent rain passing through the shadecloth onto the plants. Air was able to circulate freely, and temperature and humidity were ambient. The experiment ran from the beginning of April 2012 to mid-October 2012.
Twice a week during the experiment, the control plants were watered to saturation and the volumetric soil moisture contents of all pots were measured using a HydroSense Soil Water Measurement System (CD620, CS620, Campbell Scientific, Inc., Logan, UT, USA) calibrated to the potting mix. To prevent differences in leaf area and transpiration rates among species resulting in differences in the rates at which the soils of the drought-treated groups dried out, we defined the species with the highest soil moisture content of the drought group as the 'pace-setting' species for each measurement interval, following Sack (2004) . In all instances, this species was A. australis. Water was then added to the other pots in the drought-treated group to bring the volumetric soil water content up to match that of the pace-setting species (± 3%).
Daily maximum and minimum temperatures, midday irradiance and humidity in the shadehouse were also monitored twice a week. Daily maximum temperatures ranged from 17 to 36 °C with a mean maximum temperature of 26.2 °C, and daily minimum temperatures ranged from −0.5 to 14 °C with a mean of 5.5 °C. Humidity at midday ranged from 43 to 90%, with a mean of 64%. Photosynthetically active radiation (PAR) at midday averaged 465 (SEM ± 89) µmol m −2 s −1 in patches of sun, and 146 (SEM ± 24) µmol m −2 s −1 in areas of shade. After initial saturation, the volumetric water content of control soils remained between 55 and 60% throughout the experiment, while it declined to 14.5% for water-stressed treatments over the duration of the experiment.
After 4, 8 and 12 weeks of exposure to the imposed experimental conditions, a random sample of three plants each from the control and drought-treated groups were selected from every species. In the final stages of each sampling period, the plants were destructively sampled and were therefore unavailable in further sampling periods. The mean soil moisture contents of the drought treatments at these sampling periods were 33, 26 and 21%, respectively. These soil moisture levels and the length of time over which the pots did not receive any substantial inputs of water are comparable to what may be experienced by plants within areas of 'kauri forest' during summer (C. M. O. Macinnis-Ng, unpublished data).
Using a LICOR-6400XT (Li-Cor, Inc., Lincoln, NE, USA) infrared gas analyzer, we measured g s and A n on three of the youngest fully expanded leaves of each plant at five time intervals over the course of a day, starting at 0800 hours. Assimilation rates were not measured during the week 4 sampling period due to instrument failure. Measurements were made on two species per day, on three consecutive days with comparable light levels, vapour pressure deficit (VPD) and temperature. Measurements were taken using the standard leaf chamber with a clear-topped cuvette with no additional light source, and the leaf temperature was kept at the ambient temperature. The flow rate was set at 300 µmol s −1 and the CO 2 concentration of the incoming gas stream at 390 µmol mol −1 . The leaf area sampled was 6 cm 2 ; however, when the leaf did not entirely fill the chamber, an outline of that leaf was drawn for later scanning and leaf area Drought resistance structures species assemblages 1271 Downloaded from https://academic.oup.com/treephys/article-abstract/33/12/1269/1663693 by guest on 12 April 2019 determination. Leaf outlines were scanned using a flatbed scanner at a resolution of 600 dpi, and the leaf area in the resulting image was calculated using a program developed in Python 2.6 (Oliphant 2007) .
Following the gas exchange measurements at the 8-and 12-week sampling periods, we measured ψ at midday using a custom-built Scholander-type pressure chamber. Owing to petiole lengths and stem diameters unique to each species, no consistent sampling methodology could be applied between species; however, consistent methodology was employed within each species to compare between control and droughttreated groups. The plant parts for which ψ was measured for each species are detailed in Table S1 available as Supplementary Data at Tree Physiology Online. For C. grandifolia, the ψ of two leaves was measured per plant.
From the onset of the first signs of wilting in any droughttreated individual, the wilting status of all drought-treated plants was visually assessed weekly. Following the 12-week sampling period, the remaining six drought-treated individuals of each species continued to be monitored weekly to assess wilting status and measure soil moisture content until 30 weeks from the onset of the experiment, at which point all plants had died. Wilting status was classified following the methods of Tyree et al. (2003) and from observations made of seedlings of the study species during a preliminary study. Wilting status was classified into six stages, described for each species in Table S2 available as Supplementary Data at Tree Physiology Online. Plants classified as dead were re-watered and observed over subsequent weeks to confirm death.
Statistical analysis
We compared differences in A n and g s between control and drought-treated plants for each species using linear mixed models with individual plant, sampling time and leaf as error terms. Where there was a significant interaction effect between sampling time and treatment group, pairwise comparisons were made between treatment groups for each time period. Water potential was compared between control and droughttreated groups for each species using two-sample t-tests. All analyses were performed in R v. 2.13.0 (R Development Core Team 2011).
Results
Environmental conditions
Environmental conditions during the sampling days were similar within each of the three sampling events; however, the conditions differed among these sampling events. Air temperature, PAR and VPD were all highest during the 4-week sampling period, with mean daily ranges of 17-28 °C, 17-423 µmol m −2 s −1 and 0.63-2.50 kPa, respectively (Figure S1 available as Supplementary Data at Tree Physiology Online). During the 8-week sampling period, air temperature had a mean daily range of 14-22 °C, PAR had a range of 3-373 µmol m −2 s −1 and VPD had a range of 0.69-1.22 kPa ( Figure S1 available as Supplementary Data at Tree Physiology Online). Wet and overcast conditions occurred over the course of the 12-week sampling period, resulting in the lowest VPD of the three sampling events (mean daily range of 0.54-0.89 kPa). Air temperature (13-19 °C) and PAR (4-368 µmol m −2 s −1 ) during this sampling event was similar to that of the 8-week event ( Figure S1 available as Supplementary Data at Tree Physiology Online).
Stomatal conductance
After 4 weeks of imposed drought, there were significant declines in g s due to drought stress in C. grandifolia and M. ramiflorus but for no other species (Figure 1 ). For C. grandifolia, there was a significant interaction effect between treatment group and time of day, and g s in the drought-treated group was significantly lower than in the control group at 0800, 1000, 1200 and 1400 hours (Table 1) . Stomatal conductance did not differ significantly between these two groups at 1600 hours. A significant interaction effect between treatment group and time of day was also found for M. ramiflorus, and for this species the drought-treated group had significantly lower g s than the control group at 1000 and 1200 hours (Table 1) . There were no significant differences between drought-treated and control groups at 0800, 1400 and 1600 hours.
After 8 weeks of drought stress, the largest g s values were shown by C. buddleioides. There were significant declines in g s due to drought for all species except for C. lucida and A. australis (Figure 2 ). There was no interaction between time of day and treatment group for A. australis, C. lucida, C. buddleioides and G. ligustrifolium, indicating that the shapes of the g s diurnal curves were the same between both treatment groups (Table 1) . For C. buddleioides and G. ligustrifolium, g s was significantly lower in the drought-treated groups than the control groups (Table 1 ). Significant interaction effects between time of day and treatment were found for both C. grandifolia and M. ramiflorus (Table 1 ). For C. grandifolia, g s was significantly lower in the treatment group than that in the control group for all time periods (Table 1) . Stomatal conductance differed significantly between drought-treated and control groups of M. ramiflorus at 0800, 1000, 1200 and 1400 hours (Table 1) .
By week 12 of the drought treatment, all species except A. australis had significant declines in g s (Figure 3 ). For C. grandifolia and G. ligustrifolium, drought-treated plants had very low g s values throughout the day, while drought-treated M. ramiflorus and C. buddleioides had slightly larger values at 0800 and 1000 hours. There were significant interaction effects between time of day and treatment for C. grandifolia, C. buddleioides and M. ramiflorus, indicating differences in the shapes of the diurnal g s curves between the drought-treated and control groups for these species (Table 1 ). For C. grandifolia and M. ramiflorus, g s was significantly lower in the treated group than the control group for all time periods (Table 1) . Corokia buddleioides showed significant differences in g s between drought-treated and control groups at 0800, 1000, 1200 and 1400 hours, but not at 1600 hours (Table 1) . Across the day, g s were significantly lower in the drought-treated than the control groups for both C. lucida and G. ligustrifolium (Table 1) .
CO 2 assimilation
After 8 weeks of imposed drought, significant declines in A n due to drought treatment occurred only for C. grandifolia and M. ramiflorus (Figure 2 ). For C. grandifolia, A n differed significantly between the drought-treated and control groups at 1000 and 1200 hours, whilst for M. ramiflorus this occurred at 1000, 1200 and 1400 hours (Table 2) .
By the 12-week sampling period, there were significant drought impacts on A n for C. grandifolia, G. ligustrifolium and M. ramiflorus (Figure 3) . No interaction effect between time of day and treatment indicated a consistent impact of the drought treatment across the day for both C. grandifolia and M. ramiflorus (Table 2) . A significant interaction between time of day and treatment group for G. ligustrifolium showed the droughttreated and control group diurnal A n curves to differ in shape (Table 2) , and significant differences were found between these treatment groups at 0800, 1000, 1200 and 1400 hours (Table 2) .
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Water potential
After 8 weeks of imposed drought conditions, plants from the drought groups of all species except A. australis and C. buddleioides had significantly lower midday ψ than in the control groups ( Figure 4 , Table 3 ). At this time period, there was considerable variation in the ψ of the three drought-treated M. ramiflorus individuals; two plants had ψ of approximately −1.5 MPa, whilst the third had a value of less than −3.5 MPa (Figure 4f ). The plots of g s versus leaf or stem ψ clearly showed the different water conservation strategies of the plants. The lowest g s values were for A. australis, even when the plants were wellwatered (Figure 4a ). The result was that A. australis maintained reasonably high ψ for both treated and control plants. Coprosma lucida and C. buddleioides had high g s values for controls but reduced g s values in drought-treated plants that resulted in maintenance of high leaf ψ (levels around −1.5 MPa) in these individuals (Figure 4c and d) . Geniostoma ligustrifolium showed simultaneous reductions in g s and ψ (Figure 4e) , with leaf ψ dropping to around −2.0 MPa in drought-treated plants.
Coprosma grandifolia and M. ramiflorus had substantial declines in ψ despite stomatal closure (Figure 4b and f).
Wilting
The first species to show signs of wilting was C. grandifolia ( Figure 5 ), with individuals starting to wilt after 35 days of the drought treatment, when soil moisture content had a mean of Drought resistance structures species assemblages 1275 27.5% (SE ± 0.27%). This was followed by M. ramiflorus, with the first individuals starting to wilt after 50 days when the mean soil moisture was at 23.8% (SE ± 0.51%), and then G. ligustrifolium after 73 days at a mean soil moisture of 20.8% (SE ± 0.37%). Individuals of C. lucida and C. buddleioides started to wilt after 120 and 134 days, respectively, when soil moisture content had a mean of 19.1% (SE ± 0.50%) for C. lucida and 18.7% (SE ± 0.53%) for C. buddleioides. Agathis australis was the last species to show signs of wilting; plants of this species started to wilt after 169 days of the drought treatment, when the volumetric soil moisture content had reached 17.5% (SE ± 0%) ( Figure 5 ). Once A. australis individuals started to appear visually wilted, with the immature leaves becoming angled downwards relative to the immature leaves on the control plants, the plants progressed quickly through the stages of wilting and all plants were classified as dead 27 days after the first plant developed symptoms. The other species, particularly C. grandifolia (85 days) and M. ramiflorus (95 days), took considerably longer to progress from the state of 'slightly wilted' to 'dead'.
Discussion
Species responses to drought
Classifying plant species into discrete drought-resistant categories can be difficult; plant resistance strategies to drought are not mutually exclusive and plants may combine a range of 1276 Wyse et al. adaptations (Chaves et al. 2003) . However, we can identify three broad categories of responses to drought among the six species investigated here: drought postponing, drought tolerance and drought sensitivity. These responses are defined primarily by the distributions of points in Figure 4 , along with the timing of the onset and progression of wilting ( Figure 5 ). Agathis australis was the species best able to minimize water loss and delay the onset of drought stress in our experiment. This drought-postponing species can be described as a drought 'super-postponer' as it maintained consistently low values of g s , even when well-watered. Agathis australis was also the only species where plants in the drought-treated group were able to maintain g s values equivalent to the control group up to the 12-week sampling period. The low g s values recorded even for the well-watered individuals of this species are likely to contribute to the comparatively high water-use efficiency that previous authors have determined for A. australis using isotopic analysis (Stephens et al. 1999) . In addition, the thick sclerophyllous leaves of this species, and the findings of Bieleski (1959) , showing A. australis seedlings are capable of extensive root growth in dry conditions, provide further evidence indicative of a drought-postponing strategy. By delaying the onset of drought stress, the conservative water use of A. australis (Burns and Smale 1990 ) may act to counterbalance the high vulnerability of the xylem of this species to embolism (Stephens et al. 1999 ).
Both C. lucida and C. buddleioides are species that can also be classed as drought postponers (Kozlowski and Pallardy 2002) . Through factors including reduction in g s , these species were able to avoid visible wilting until 17 and 19 weeks, respectively, after the onset of the experiment. Unlike C. lucida, C. buddleioides was showing significant reductions in g s by week 8 of the experiment, yet was able to avoid visible wilting for a longer period, possibly as a result of this stomatal response at an earlier stage of the drought. In addition, the undersides of C. buddleioides leaves are densely covered with appressed tomentum (Allan 1961) , which would also aid in the reduction of water loss.
In contrast to these species that prevented a substantial reduction in ψ by reducing g s , G. ligustrifolium showed simultaneous declines in g s and leaf ψ. This drought tolerance strategy (Chaves et al. 2003) resulted in significant declines in g s by week 8 and the onset of wilting after 14 weeks of the experiment.
Both C. grandifolia and M. ramiflorus were drought-sensitive species. These species both displayed early declines in g s during the dry-down, with significant reductions by week 4 of the experiment, and were the first species to show signs of wilting; after 5 and 7 weeks, respectively. Coprosma grandifolia was found to Drought resistance structures species assemblages 1277 Where there was a significant interaction effect between sampling time and treatment group pairwise comparisons were made between treatment groups for each time period. Drought-treated plants were subjected to 8 and 12 weeks of drought stress. Owing to instrument malfunction, A n was not recorded at the 4 week time period.
be a classic drought-sensitive species , as the early reductions in g s were unable to prevent large decreases in leaf ψ. Also known as drought-intolerant species, these plants are fast growers to enhance competitiveness for light but are unsuitable for dry habitats (Markesteijn and Poorter 2009) . With an average leaf area of 25.5 (± 1.4) cm 2 , C. grandifolia also had the largest leaves of the species investigated, compared with means (± SE) of 5.1 (± 1.2) cm 2 for C. lucida and 4.5 (± 0.7) cm 2 for M. ramiflorus. These large leaves would have acted to enhance C. grandifolia water loss in comparison with the other species. Field observations of drought resistance of a variety of species around Dunedin during a summer drought also found C. grandifolia and M. ramiflorus to be amongst the species most drought sensitive, and vulnerable to wilting (Bannister 1986) . Although a species' g s responses to drought can provide insight into that species' drought resistance strategy and its ability to tolerate drought stress, the interpretation of this stomatal response is complicated by the fact that, at any given time, stomata are responding to a variety of factors in addition to leaf and plant water status (Chaves et al. 2003) . These factors include temperature and VPD (Eamus et al. 2008) , irradiance, CO 2 concentrations and other factors within the leaf (Chaves et al. 2003) . This potentially confounding effect of other environmental variables on the response of stomata to soil moisture levels can be seen with the comparison of the control plants of a species between the week 4 and week 12 sampling periods. Air temperature, PAR and VPD were all markedly higher in the week 4 than the week 12 sampling period, coinciding with lower g s values in the control individuals of most species.
Potential effect of soil moisture on community composition beneath A. australis
Soil moisture availability has been found to be a strong determinant of forest community composition and diversity at both local and regional scales, as species' individual levels of sensitivity to drought stress strongly affect their recruitment and determine their distribution patterns with respect to soil moisture levels (Silvertown et al. 1999 , Engelbrecht et al. 2007 , Suarez and Kitzberger 2008 . The role of drought tolerance in niche differentiation has been extensively studied in Mediterranean (e.g., Sack et al. 2003 , Sack 2004 , Matías et al. 2012 and tropical (e.g., Engelbrecht and Kursar 2003 , Tyree et al. 2003 , Engelbrecht et al. 2007 , Slot and Poorter 2007 ecosystems. Owing to the low soil moisture that has been recorded beneath A. australis trees relative to that beneath adjacent broadleaved angiosperms (Verkaik and Braakhekke 2007) , we hypothesized that a relatively greater tolerance to drought stress may be a characteristic of the plant communities associated with A. australis, compared with those occurring beneath the surrounding broadleaved angiosperm canopies.
Drought resistance structures species assemblages 1279 For the species investigated here, we have found strong evidence to support this hypothesis. As discussed, C. grandifolia and M. ramiflorus, species typically absent beneath A. australis but common in the surrounding forest (Cockayne 1908 , Wardle 1991 , Wyse et al. 2013 , were found to be drought sensitive. These were the first species to show reductions in CO 2 assimilation relative to the controls and to show visible wilting, and finally were the first seedlings to die as a result of the drydown experiment. In contrast, the species commonly spatially associated with A. australis (C. lucida, C. buddleioides and also A. australis seedlings) were the most drought-resistant species, and were identified as drought postponers. These species did not show a significant reduction in CO 2 assimilation even after 12 weeks of imposed drought conditions, and were only reaching the stage of 'slightly wilted' when C. grandifolia and M. ramiflorus were at wilt stages of 'nearly dead' and 'dead'. Geniostoma ligustrifolium, a species that occurs both beneath A. australis and also the surrounding broadleaved angiosperm canopies, was a drought-tolerating species that showed responses which were intermediate between these two groups. Volumetric soil moisture contents as low as 11% have been recorded beneath A. australis in the Waitakere Ranges, Auckland (Verkaik and Braakhekke 2007) , and after 2 months without substantial rain, we recorded levels of 14.5% (SE ± 0.56%) beneath A. australis in a West Auckland forested reserve, compared with 37% (SE ± 1.5%) beneath adjacent broadleaved species (S. V. Wyse, unpublished data). Factors such as the uptake of water by the A. australis fine roots concentrated in the organic layer (Verkaik and Braakhekke 2007) , along with the low density (~0.17 g cm −3 ; S. V. Wyse, unpublished data) of this organic soil, may result in high levels of water loss from the surface soil layers into which establishing seedlings are rooted. Our results suggest that species with greater abilities to survive periods of drought stress may be selected for by drier microsite characteristics that develop beneath A. australis trees. The periodic low soil moisture that occurs beneath A. australis may act as a filter to prevent the establishment of more droughtsensitive species such as C. grandifolia and M. ramiflorus. These species were found to start wilting at volumetric soil moisture contents of 27.5% and 23.8%, respectively; soil moisture levels well above the range that have been recorded beneath A. australis during summer drought.
The high ability of A. australis seedlings to delay the onset of drought stress relative to the other species investigated suggests that the dry soil conditions beneath mature A. australis may be advantageous to A. australis seedlings. Whilst the drought-postponing ability of A. australis will delay the onset of drought stress in this species, the trade-off is reduced carbon gain (van der Molen et al. 2011) . Even when well watered, seedlings of this species displayed consistently low g s and A n , which were the lowest of all species measured. This will contribute to the slow growth rates of the species (Steward and Beveridge 2010) , and result in the drought-sensitive species with higher A n in moister conditions being able to establish more quickly where water is plentiful (Markesteijn and Poorter 2009 ). There may therefore exist a positive plant-soil feedback between A. australis seedlings and the dry soil conditions that develop beneath the canopies of mature specimens, as the drought-postponing A. australis seedlings are better able to survive periods of dry conditions than seedlings of species such as C. grandifolia that would quickly overtop and cast shade on the slower growing A. australis (Steward and Beveridge 2010) in moister environments.
This study was not designed to explain the comparatively low abundance of the A. australis-associated species beneath the angiosperm canopies where water conditions are more stable and the drought-sensitive C. grandifolia and M. ramiflorus predominate. However, it may be that these more 'stresstolerant' (Grime 1977) species are unable to compete with species such as C. grandifolia and M. ramiflorus that are faster growing and therefore more competitive for light (Markesteijn and Poorter 2009 ). The more stressful environmental conditions of the A. australis microsites may therefore act to provide habitat for these stress-tolerant species, increasing forest biodiversity.
Further to the role of soil moisture availability in influencing the establishment of plant species beneath A. australis canopies, additional factors are likely to play a role in affecting the probabilities that species will germinate and persist at these sites. Wyse and Burns (2013) illustrated that some species that do not typically occur beneath A. australis, including M. ramiflorus, may be prevented from germinating in these sites by the high acidity of the soil. The soil acidity also strongly reduced the growth of seedlings from any seeds that were able to germinate. In addition, should seeds germinate in the acid soils and the seedlings survive periods of drought during summer, Wyse (2012) demonstrated that the growth rates of species negatively associated with A. australis will be significantly reduced in the A. australis soils, relative to their growth in the soils beneath adjacent broadleaved angiosperm canopies. This may result from the effects of the low soil pH on nutrient availability, including the available forms of mineral nitrogen (Persson and Wiren 1995) , or ion toxicities (e.g., aluminium) (Kreutzer 1995) . Phytotoxic compounds within A. australis leaf litter that become present in low concentrations in the organic soil may have additional inhibitory effects (Wyse and Burns 2013) . Finally, these factors will not affect plant establishment independently, and their potential interactions and additive effects must be considered. For example, low pH retards root growth (Marschner 1995) , thereby reducing water uptake and enhancing susceptibility to drought stress. Additionally, drought stress often enhances nutrient deficiencies, as soil drying reduces nutrient availability (Kozlowski and Pallardy 2002) . Owing to the small spatial scale over which distinct differences in vegetation composition have been recorded, with respect to proximity to A. australis (Wyse et al. 2013) , it is unlikely that these vegetation patterns result from any barriers to seed dispersal.
Implications for climate change
Global and regional rainfall patterns will be altered by climate change (Jackson et al. 2001 , IPCC 2007 , affecting water use and productivity of plants around the world (Bachelet et al. 2001) . Although New Zealand receives plentiful rainfall on an annual scale, climate change is leading to an intensification of seasonal dry periods, particularly in Auckland and Northland (Mullan et al. 2005) . In general, New Zealand's native plants possess low levels of drought resistance (Wardle 1991) and we have found two common understorey shrubs, C. grandifolia and M. ramiflorus, to have virtually no water-saving strategies.
Increases in drought frequency and severity could have considerable impacts on seedling recruitment throughout northern New Zealand forests, in turn affecting forest composition as more drought-resistant species are favoured over the droughtsensitive species (Engelbrecht et al. 2007 ). The species common to mature A. australis stands that have been identified as comparatively drought resistant may increase in abundance within the surrounding forest, as the recruitment of more drought-sensitive species is reduced. In addition, there may be increased detrimental effects on seedling recruitment in the drier soils beneath A. australis Braakhekke 2007, Verkaik et al. 2007) .
Conclusions
This study has identified varied responses of the 'kauri forest' species investigated to conditions of low soil moisture availability. The seedlings of species that occur close to mature A. australis, A. australis, C. lucida and C. buddleioides, were identified as drought avoiders, and were the species most resistant to drought stress. Seedlings of C. grandifolia and M. ramiflorus, species not commonly occurring beneath A. australis but abundant in the surrounding forest, were drought sensitive and succumbed relatively quickly to drought stress. Geniostoma ligustrifolium, a species that occurs both beneath A. australis and in the surrounding forest, displayed a 'drought-tolerant' strategy as seedlings and was intermediate between the other two groups of species in terms of resistance to drought stress. The results suggest that the varied abilities of the species to survive periods of drought stress as seedlings may shape the composition of the plant communities beneath A. australis trees.
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